Objective. Coffee consumption is negatively associated with risk of type 2 diabetes and 1 cardiovascular mortality. Coffee roasting can greatly modify the quality-quantitative 2 characteristics of bioactive compounds. We compared the effects of two different roasting 3 intensities of the same naturally low-caffeine Arabica coffee variety (Laurina), on glucose 4 and lipid metabolism as well as oxidative stress.
INTRODUCTION

24
Coffee is one of the most widely consumed beverages in the world. Several epidemiological 25 studies have shown clear associations between coffee intake and reduced risk for 26 cardiovascular and all-cause mortality [1] . Other studies have underlined the potential role of 27 coffee consumption in reducing the risk of type-2 diabetes mellitus (T2DM), characterized by 28 an ever-increasing prevalence. Prospective studies in different countries and meta-analyses 29 have shown an inverse dose-dependent correlation between long-term consumption of coffee, 30 both regular and decaffeinated, and T2DM risk [2] [3] [4] [5] [6] [7] [8] [9] . Even though some studies have shown 31 that caffeine acutely increases blood glucose and decreases insulin sensitivity [10] [11] [12] [13] , long-32 term caffeine intake has positive metabolic effects, such as increased secretion from adipocyte 33 of adiponectin, a hormone with insulin sensitizing properties. [15] . Coffee, both with or 34 without caffeine, contributes also to the postprandial insulin secretion by acutely stimulating 35 the release of glucagon-like peptide-1 (GLP-1), an incretin secreted by the small intestine, 36 [24, 25] , furthermore, coffee contains over a thousand bioactive antioxidant substances, 37 making this beverage a major dietary antioxidant supplier in western countries [16] . Among 38 coffee components, chlorogenic acid (GCA), melanoidins, quinides and N-methylpyridinium 39 (NMP) have clearly shown the potential to affect glucose and insulin metabolism [17] [18] [19] [20] [21] [22] [23] . 40 The roasting process has relevant effects on the relative content of coffee biochemicals. Green 41 beans and light roasted coffee (LRC) have a high content of CGA and trigonelline. These 42 compounds directly improved insulin sensitivity and secretion, as well as glucose uptake, in 43 experimental conditions. With roasting, the concentration of CGA and trigonelline decreases, 44 while that of quinides, NMP and melanoidins, produced by Maillard reaction, increases [26] . 45 These changes have been shown to influence the antioxidant capacity of coffee and its impact 46 on physiological systems. The high antioxidant capacity of dark roasted coffee (DRC) has 47 been especially associated with its melanoidin and NMP content [27] . The gastrointestinal end products during meal digestion [18] . NMP has been shown to control oxidative stress 51 through induction of the nuclear factor E2-related factor 2 (Nrf2) and the antioxidant response 52 element (ARE) pathway [22] . The effects of quinides and NMP on glucose metabolism have 53 been poorly investigated in humans. NMP promoted glucose uptake in vitro, while quinides 54 improved insulin action in rats [20, 23] . 55 Principal aim of the present study was to compare the effects of two different roasting 56 intensities of the same naturally low-caffeine Arabica coffee variety (Laurina), on glucose 57 and lipid metabolism and oxidative stress in healthy volunteers. We used a crossover, double-58 blind experimental design. Subjects underwent two consecutive study phases, each one lasting 59 two weeks and each inclusive of one-week washout followed by one-week intervention 
METHODS
64
Study participants and design
65
Fourteen healthy male volunteers were recruited (age 39±2 y; BMI 25.0±0. 4 with a probability of 0.05 [13, 14] .
75
Before the study, an expert dietitian assessed eating and physical activity habits of each 76 participant. To minimize potential individual lifestyle confounding variables, subjects were 77 asked to followed some simple rules including: exclusion of caffeine containing foods and 78 drinks, besides the test-coffees, and decaffeinated coffee; maintenance of habitual exercise 79 levels and eating pattern; avoidance of nutrient supplements, herbal products, and 80 medications; and daily compilation of food and exercise logs, checked weekly by the 81 dietitian.
82
The study lasted four weeks and was organized as a double-blind, crossover intervention,
83
inclusive of two subsequent phases. Each phase involved a washout period of 7-days, during 84 which the participants abstained from drinking any coffee or caffeinated products, followed
85
by an intervention period (7-days), during which subjects drank 4 espresso coffees/day (at 86 breakfast, midmorning, after lunch and in the afternoon), first as LRC and then as DRC
87
( Figure 1 ). quantification (expressed as molar ratio with caffeine).
107
The coffee component descriptive profiles ( 
RESULTS
172
All participants were compliant to the study. Body weight and composition, as expected, did 173 not change significantly throughout the protocol (Table 3) .
174
As shown in Table 4 , fasting glucose, insulin and GLP-1 concentrations and HOMA-IR did 175 not change significantly after the coffee intake phases.
176
Following OGTT, we found significant coffee×roasting interaction on glucose concentrations not significantly modified by the coffee different roasting intensities.
184
There was a significant coffee×roasting interaction on ISSI2, an index of β-cell insulin 
198
The effects of LRC and DRC consumption, on glutathione availability and redox status in 199 erythrocytes are shown in Table 5 changes were observed in the plasma lipid profile (Table 5) .
209
The effects of LRC and DRC on adiponectin plasma levels are shown in Table 5 . Coffee Table 6 shows the effects of LRC and DRC on plasma amino acids. There was a 214 significant coffee×roasting interaction on both cysteine and homocysteine plasma 215 concentrations, which were significantly greater after DRC than LRC consumption. The other 216 amino acid plasma levels were not influenced by either interventions.
217
The effects of LRC and DRC on fatty acid relative composition in red blood cell membranes 218 are shown in Table 7 . There was a significant coffee×roasting interaction effect on 1 secretion have been previously described [24, 25] . We underline that in our study coffee- adenosine uptake and increasing its extracellular levels [42] . Therefore quinides could 268 contribute to counteract the caffeine pleiotropic effect mediated by adenosine activity 269 competition [42] . In the islets of Langerhans, increased extra-cellular adenosine levels may 270 stimulate insulin secretion as well as β-cell proliferation and survival, through activation of 271 the A1 adenosine receptors [43, 44] . We hypothesize that, in our study, DRC intake may 272 have, at least in part, enhanced glucose-mediated insulin secretion through this mechanism. from the higher levels of NMP and melanoidins [48] . In our study, Laurina coffees showed 278 the expected roasting-induced changes in the quantities of the bioactive compound (Table 1) .
273
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279
Both LRC and DRC intake, in agreement with other studies [49] , increased the red blood cell
280
(RBC) total glutathione concentration, the most relevant antioxidant in the body. It was 281 suggested that some coffee phenolic compounds might increase GSH concentration through 282 the γ-glutamyl-cysteine synthetase activation, the rate-limiting enzyme in GSH synthesis [50] .
283
Other studies have shown a pronounced antioxidant effect in vivo, with dark roasted, NMP as in other studies [49, 52] , that DRC specifically increased the availability of the reduced 290 form of glutathione, as indicated by the higher GSH/GSSG ratio ( Figure 3 ). In addition, we 291 have observed changes in plasma concentration of precursor amino acids involved in the GSH 292 synthesis. In particular, plasma levels of cysteine, the glutathione key precursor, were 293 significantly enhanced after a week of DRC intake, while glycine and glutamic acid, the other 294 two glutathione precursors, showed an increase without achieving statistical significance. increases in homocysteine plasma levels [52, 53] . The mechanism of such association is 303 unknown. However, given the beneficial effects of coffee intake on cardiovascular mortality
304
[1] coffee-related increases in homocysteine levels do not seem to represent a risk factor.
305
In western countries, coffee-drinking accounts for a significant proportion of daily antioxidant 306 intake [16] , however other factors such as physical exercise, nutrition and energy balance can 307 affect glucose metabolism and oxidative stress. In our study these variables were standardized 308 and monitored throughout the washout and intervention periods by an expert dietitian, using 309 food and activity logs, filled daily by the volunteers.
310
The Omega-3 index, a recently introduced marker, inversely related with the cardiovascular 311 risk [55] , was significantly affected by the roasting intensity. A higher omega-3 index was 312 significantly associated with DRC consumption in comparison with LRC intake. This is in 313 accordance with previous evidence showing that a higher plasma antioxidant capacity is 314 positively associated with PUFA n-3 concentration in RBC membranes [56] .
315
In agreement with previous studies, we found that one week of coffee consumption increased 316 adiponectin plasma concentration [57] . Caffeine, CGA, NMP and other coffee compounds
317
have the potential to stimulate adiponectin secretion from adipose tissue. It has been 318 suggested that this hormone, through modulation of inflammation and insulin resistance, may 319 mediate some of the beneficial coffee effects [15] . We found that roasting intensity did not 320 significantly affected adiponectin concentrations.
321
This was a crossover, double-blind intervention study. Because of technical reasons, related to 322 the manufacturer, we could not follow a randomization protocol, however we found no the same length, which preceded both intervention periods.
325
In summary DRC, as compared to LRC, both derived from naturally-low caffeine Laurina 326 coffee, showed positive effects on glucose metabolism, oxidative stress and cardiovascular 327 risk markers. In addition, DRC presented more desirable organoleptic characteristics (Table   328 2). ZJP, conducted research; AP, conducted research; MT, conducted research; RP, designed research; LN, designed research, analyzed data; GB, designed research, analyzed data, performed statistical analysis, wrote paper and had primary responsibility for final content.
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HIGHLIGHTS
• Long-term coffee intake modifies glucose metabolism and redox balance in humans • Coffee benefits are most likely mediated by compounds other than caffeine • Roasting intensity modulates the content of coffee bioactive compounds • Dark roasted coffee showed greatest metabolic benefits and taste characteristics
